Object. The purpose of this study was to retrospectively assess the objective and subjective neuropsychological outcome after epilepsy surgery in patients with bilateral Ammon's horn sclerosis (AHS).
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P atients with pharmacoresistant temporal lobe epilepsy (TLE) due to Ammon's horn sclerosis (AHS) are ideal candidates for epilepsy surgery. Although hippocampal damage is frequently bilateral, 41 pathology and epileptic focus can often be lateralized to 1 hemisphere. Despite a certain risk of postoperative memory decline, 44 catastrophic memory outcomes after unilateral temporal lobe surgery have rarely been reported. 10, 34 However, bilateral temporal pathologies have been discussed as a risk factor for postoperative amnesia 4 or seizure relapse. 29 Nevertheless, epilepsy surgery has been performed successfully in patients with bitemporal epilepsy and a clear unilateral predominance of seizure origins. 9, 30, 32, 45, 50 Most of these studies refer to bilateral epileptic activity rather than to bilateral AHS and primarily focus on seizure outcome rather than on cognitive functions. However, there is evidence of more severe verbal memory decline after left temporal lobe resections in patients with bilateral AHS as compared with patients with unilateral AHS 40 and significantly worse pre-and postoperative memory in comparison to patients with nonatrophied hippocampi. 46 In contrast, stable (although severely impaired) postoperative memory functions were reported in a noncontrolled study. 8 Finally, a predominantly favorable subjective outcome has been described by Boling et al. 6 in 11 patients with bilateral TLE, 3 of whom had bilatNeuropsychological outcome after epilepsy surgery in patients with bilateral Ammon's horn sclerosis eral AHS. While 7 patients reported an improved quality of life, subjective memory was unchanged in 8 patients.
Whether subjective outcome was associated with bilateral AHS could not be derived from this study. In summary, the literature suggests that epilepsy surgery can be performed in patients with bilateral AHS if the presurgical evaluation indicates a clear preponderance of seizure onsets in 1 hemisphere. There is no evidence that amnestic syndromes are the inevitable consequence of unilateral epilepsy surgery in patients with bilateral AHS, as it was described in the early series of patients with bilateral mesial epilepsy surgery in 1957. 43 Nevertheless, significant postsurgical verbal memory decline in these patients appears to be possible. The degree of this memory loss, however, and the consequences of these deficits regarding everyday functioning and quality of life have yet to be determined.
To address this question, the present investigation evaluated the neuropsychological outcome of a group of patients with bilateral AHS who underwent epilepsy surgery and compared them with a group of patients with the same diagnosis who were not suited for surgery and were treated pharmacologically. The selection of surgical candidates and their seizure outcomes as compared with 291 patients with unilateral AHS are described in detail in a previous paper.
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Methods
Study Participants
Thirty-two patients with bilateral AHS diagnosed between January 2003 and March 2009 were selected retrospectively from the database of the epilepsy center at the University Clinic of Bonn, Germany. These patients represented approximately 10% of the total sample of 323 patients with the diagnosis of unilateral or bilateral AHS during this period. The diagnosis of bilateral AHS was defined by combining relaxometry (elevated T2 relaxation times) with a visual MRI diagnosis in terms of atrophy and signal increase 49 ( Fig. 1) . For the resected hippocampal specimens (surgical group, n = 11), the diagnosis was confirmed by histopathological analyses (Table 1) . Eleven patients had undergone epilepsy surgery after recording of seizures with hippocampal depth electrodes. The surgery consisted of selective amygdalohippocampectomy in all but 1 case, in which the temporal pole was included in the resection. Thirteen patients included in this study underwent invasive electroencephalographic (EEG) recording (bitemporal strip and depth electrodes). In all of these patients, seizures with hippocampal origin could be recorded. In 2 patients, the treating physician rejected a surgical treatment because there was no clear preponderance of 1 seizure onset side. These patients were included in the nonsurgical group. The remaining 11 patients underwent surgery. Seizures originating from both hippocampi could be recorded by intracranial electrodes in 27% of the surgical patients (see Malter et al., 2013, 39 for detailed electrophysiological data and information on the decision process).
In the control group (n = 8), seizures were only recorded in 50% of the patients; in 3 of these 4 patients, seizure onsets were bilateral. All 11 surgical bilateral AHS patients had complete sets of pre-and postsurgical (1 year) neuropsychological data according to the standard protocol for surgical patients. Eight of 13 nonsurgical patients with bilateral AHS met the inclusion criterion of at least 2 neuropsychological assessments and served as the control group.
Because of the retrospective design, the decision for or against surgery did not follow a specific protocol but varied among patients and treating physicians. In 4 patients, seizure frequency was tolerable so that epilepsy surgery was not indicated. In 2 patients, reasons were not described explicitly but the treating physician decided that the patient was not a good surgical candidate given the bilateral pathology. Finally, 2 patients were implanted with intracranial electrodes but there was no clear preponderance of 1 side regarding the onset of seizures.
The demographic and clinical characteristics of the patients are given in Table 1 . Side of surgery (8 left vs 3 right temporal resections) was not considered in the analyses due to low statistical power. The groups differed in regard to the number of antiepileptic drugs at follow-up and the retest interval-in both cases, values greater in the nonsurgical versus the surgical group-because in nonsurgical patients, reassessments are usually not provided for and were conducted during inpatient or outpatient visits, which resulted in large variations of retest intervals between 2 and 9 years. Furthermore, the groups differed in regard to clinical characteristics because patients in the control group were not considered as surgical candidates, mostly because the pathologies in both hemispheres were equally severe. These aspects need to be taken into consideration when evaluating the results and are addressed in the discussion. The protocol followed in this study adhered to the principles set forth in the US Code of Federal Regulations and the World Medical Association Declaration of Helsinki. We did not seek ethical approval for conducing the study because the data were assessed in clinical practice and analyzed retrospectively. However, informed consent was obtained from the patients.
Neuropsychological Assessment
Neuropsychological examination followed a standard protocol, which focused mainly on memory functions but also included executive functions, and has been described previously. 23 Verbal learning and memory was assessed via the VLMT (Verbaler Lern-und Merkfähigkeitstest), 22 a German adaptation of the Rey Auditory Verbal Learning Test. For statistical analyses, the number of remembered words in the delayed recall trial was used because it represents the total performance in this test most adequately. Nonverbal memory was assessed by a revised 5-trial version of the Diagnosticum für Cerebralschädigung (DCS-R). 24, 35 The number of correctly reproduced items in the last learning trial was the measure used as being most representative for total performance in this test. For the assessment of executive functions, a phonemic verbal fluency task 33 and a response inhibition task 36 were applied. To reduce the amount of information for statistical analysis, memory as well as executive scores were merged into composite scores for both domains. This calcula-tion was based on data of healthy controls in whom the tests had been co-normalized (n = 488). Raw scores were transformed into standard scores (mean = 100, SD = 10), summed, and divided by the number of added scores, reflecting the mean standard score. For the evaluation of significant changes of individual performance, reliable change indices (RCIs) based on 100-142 retested healthy subjects were applied.
Questionnaires
The patients' subjective condition was evaluated using questionnaires. For the assessment of mood, the Beck Depression Inventory (BDI) 5 was applied using a score of greater than 10 points as the cutoff indicating depressed mood. Quality of life was assessed by a German adaptation of the short form of the Quality of Life in Epilepsy Inventory (QOLIE-10 7 ). Higher QOLIE scores reflect a worse quality of life, 27 and a score greater than 32 indicates a subjectively impaired quality of life. 27 To evaluate the practical impact of cognitive deficits on the patients' lives, the ADL-Track, a questionnaire on instrumental activities of daily living (social activities, home activities, and mobility), was applied. 15 The raw scores were standardized (mean = 100, SD = 10) and corrected for age and sex using data from a population of healthy controls (n = 536). Finally, subjectively perceived capabilities and cognition were investigated using simple ratings. In addition to items assessing problems in global functioning, orientation, concentration, attention, and memory and verbal fluency, the patients rated their memory functions (6-tiered rating scale), impairments of general performance (4-tiered rating scale), and the impact of these impairments on everyday life (4-tiered rating scale). Questionnaires were not available for all patients and for most subjects only at follow-up, allowing no longitudinal analyses.
Statistical Analysis
Statistical analyses were performed with PASW Statistics version 18. Due to the small sample size, most variables were not normally distributed, as indicated by the Kolmogorov-Smirnov test and visual inspection of histograms. Thus, for examining group effects, the Fisher's exact test for nominal data and Mann-Whitney U-test for metric data were calculated. Wilcoxon signed-rank tests were used for analyzing change of group scores over time.
On an individual level, RCIs (90% CI) were applied to classify changes of performance as significantly improved or worsened. Kendall's t correlation coefficient was used to detect relationships between subjective and objective measures.
Results
Memory Functions
Standardized individual and group scores for the separate tasks are given in Table 2 . Surgical and control patients neither differed in their baseline memory performance as a group, nor was the number of individually impaired patients significantly different. Of all patients, 85% demonstrated an impaired total memory (11% impaired, i.e., > 1 SD below the mean; 74% severely impaired, i.e., > 2 SDs below the mean). In regard to the verbal domain, 26.3% were mildly and 57.9% severely impaired, while in the nonverbal domain, 15.8% were mildly and 73.7% severely impaired (frequencies were not significantly different).
At follow-up, the groups did not differ significantly in the composite memory score (U score = 24.00, z = -1.652, p = 0.105) but did so in verbal memory (U score = 18.50, z = -2.108, p = 0.034). Pairwise intragroup comparisons revealed a significant decline in total memory in surgical patients (z = -2.401, p = 0.014) and particularly in verbal memory (z = -2.245, p = 0.021; Fig. 2 ). Nonsurgical patients did not significantly change as a group. Reliable change indices revealed a significantly more frequent verbal memory decline in surgical patients (73% vs 25%; z = 5.898, p = 0.036, Fisher's exact test; Table 3 ) independent of the side of resection (75% of the patients declined after left temporal resections vs 67% after right temporal resections). There was no change in nonverbal memory for either group, but more than 50% of the patients already displayed floor effects at baseline. Regarding the total memory score, 27% of the surgical patients and 1 nonsurgical patient (12.5%) declined in their performance.
Executive Functions
The groups' performances in executive functions did not significantly differ at baseline or at follow-up. Accordingly, there were no significant intragroup changes over time. At baseline, 84% of the patients were impaired (36.8% impaired and 47.4% severely impaired). The results for the individual tasks (phonemic fluency and interference inhibition) corresponded to the composite score.
Depressed Mood
At baseline, BDI scores indicated depressed mood in both groups (70% of the patients in the surgical group and 60% in the nonsurgical group). At follow-up, the mean score of the surgical patients (n = 10) was slightly improved (50% still above the cutoff score of > 10) whereas the control group (n = 5) showed a slightly worsened mood (80% above the cutoff score). However, differences between groups and over time did not reach statistical significance, either on a categorical or on a metric level ( Table 4) .
Quality of Life
QOLIE-10 baseline scores were only available for surgical patients. At follow-up, the surgery group (n = 6) reported a significantly improved quality of life on a metric level (z = -2.207, p = 0.031), but the mean score was still above the cutoff value (Table 4) . At follow-up, the groups did not differ significantly on the categorical or metric level, although the score for nonsurgical patients was higher, indicating a worse quality of life. The metric difference (surgical 34.17 ± 8.75 vs nonsurgical 44.67 ± 10.78; Table 4 ) did not reach statistical significance because of the low statistical power due to the small sample sizes. However, the effect size of this difference was large (Cohen's d = 1.07). A poor subjective quality of life was reported by 71.4% of all patients (surgical group 62.0% vs control group 83.3%; frequencies not significantly different). Quality of life was unrelated to objective cognitive measures.
Activities of Daily Living
In regard to frequencies of daily activities, no significant differences were found between the groups (Table  4) . However, the standardized mean score of the surgery group was within the normal range while the mean score of nonsurgical patients was more than 1 SD below average in the impaired range. The total score correlated significantly with phonemic fluency (t = 0.632, p = 0.003), especially in the surgery group (t = 0.828, p = 0.022) but not with any other cognitive measure.
Subjective Performance
The groups did not differ significantly with regard to subjective cognition, which was only assessed at follow-up. On a descriptive level, surgical patients reported fewer impairments in general capabilities, concentration, and memory than the control group (Fig. 3) . Subjective ratings and objective testing were unrelated. In contrast, QOLIE-10 (t = 0.614, p = 0.006) and BDI scores (t = 0.461, p = 0.048) correlated significantly with subjective memory, i.e., worse subjective memory was associated with worse mood or quality of life.
Employment Status
Employment status at follow-up was not significantly different between the groups. In the surgery group, 36% of the patients were retired while 64% were employed, but mostly in unskilled positions, except for 2 patients (18%). 
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* Values are standardized (mean = 100, SD = 10) and corrected for age. † Significant decline at follow-up based on RCIs. ‡ Significant improvement at follow-up based on RCIs.
In the nonsurgical group, 2 patients were unemployed (25%), 2 patients were retired (25%), and 50% were employed (25% unskilled).
Discussion
In this retrospective study, seizure outcome in patients with bilateral AHS was comparable to patients with unilateral AHS. 39 None of the operated patients became globally amnesic in terms of catastrophic verbal and nonverbal memory. At follow-up, in a rating of subjective memory, no patient chose the lowest level ("could not be worse"). However, corresponding to the bilateral mesial pathology, patients in both groups displayed very poor objective memory performance already at baseline. In the past we could demonstrate in several studies that the degree of postoperative memory decline was related to the extent of resected tissue still involved in function. 16, 23, 25 Considering the selective surgical approach and the poor baseline memory level, we were surprised that patients showed additional postsurgical memory decline.
Our findings suggesting that patients with bilateral AHS, if carefully selected, can obtain seizure freedom but may show severe memory loss after surgery are consistent with 2 previous studies. 40, 46 The mean follow-up period in these reports was no longer than 1 year after surgery, which is comparable to our study. The group of Cukiert et al., 8 who did not find additional postoperative memory decline, had much longer follow-up intervals, ranging from 5 to 10 years. Consequently, it cannot be excluded that patients show some late recovery from surgery, particularly in cases of seizure freedom. Evidence for this suggestion derives from our own longitudinal study in surgical and nonsurgical patients with TLE, indicating that long-term memory performance may improve in seizure-free patients after surgery. 21 However, the comparability of these 3 reports and our study is limited because of major differences in the study design, such as follow-up period, characteristics of the control groups, statistical analyses, and outcome measures of memory (Wechsler Memory Scale, Wechsler Memory Scale-revised, and California Verbal Learning Test, vs VLMT). These measures show different sensitivity and specificity in regard to temporal lobe dysfunction. 26, 38 Memory outcome after temporal lobe surgery is usually analyzed separately for verbal and nonverbal memory. A major reason for this approach is that systematic effects of surgery are mostly found only for verbal memory after left temporal lobe surgery. 42, 44, 48 However, left and right mesial structures appear to provide highly redundant and compensatory functions in verbal memory processing. 17 Accordingly, it can be observed that nonverbal memory may be sacrificed in favor of verbal memory 20 and that material-specific impairments in TLE are less likely in the presence of generally reduced mental capacities. 19 In the surgery group, verbal memory was found to deteriorate significantly in 6 of 8 patients with left temporal resection and in 2 of 3 with right temporal resection. In contrast, there was no change in nonverbal memory, which is partly due to floor effects at baseline in the majority of patients. These floor effects possibly reflect the consequences of compensatory processes in terms of maintaining verbal memory functions to the disadvantage of nonverbal memory. An interpretation of the present findings would be that the observed verbal memory decline results from a decompensation of a maximally compensated, bilaterally impaired, episodic memory system.
Subjective Outcome
Beyond cognitive outcome, little has been reported in regard to the psychosocial situation of patients with bilateral AHS. Except for depressed mood (in both groups) and quality of life (surgery group), intragroup analyses * BDI and QOLIE-10 scores are reported as raw scores; activities of daily living (ADL) values are reported as standardized, agecorrected scores (mean = 100, SD = 10). † Significant improvement (p < 0.05).
Fig. 3.
Bars represent percentages of patients in each group reporting subjective impairments of everyday performance (dichotomous items: impairments/no impairments). Four-tiered (general performance and everyday life) or 6-tiered items (memory) were transformed into dichotomous items for this presentation.
were not possible because of missing baseline data. Concerning subjective measures, no significant differences between the groups could be discerned. However, on a descriptive level, the surgical group reported a slightly better subjective outcome on most questionnaires. Surgical patients reported a significant improvement in quality of life (QOLIE-10) after surgery, as was also found by Boling et al. 6 The mean score at follow-up, however, still indicated an impaired quality of life. Regarding depressed mood, both groups were comparable at baseline. At follow-up, nonsurgical patients reported a worsened mood while the surgery group was unchanged. Interestingly, surgical patients reported less severe subjective memory impairments, although this finding was contrary to the objective memory performance. The lack of concordance between subjective and objective cognition can have many causes, 14,37 one of them being the difficulty of correctly reporting memory problems while suffering from very poor memory. 18 Possibly due to the newly obtained seizure freedom, surgical patients tended to disregard their memory decline. Also, it appears plausible that because of low cognitive demands of this group's environment, memory functions may be not primarily decisive for subjective outcome. Memory impairments have probably been existent for a long time, allowing these patients to adapt; the mean interval between the onset of seizures and surgery was 22.55 ± 16.94 years. No patient achieved a better employment status after surgery, which implies no substantial life changes, possibly due to persistent or even increased functional impairments.
Limitations of the Study
Some apparent limitations of our study need to be taken into consideration when interpreting the data. First, due to the rare diagnosis of bilateral AHS, the sample size is very small. Because of this and because most variables were not normally distributed, nonparametric tests had to be applied, providing less statistical power than parametric tests. Furthermore, most questionnaires providing subjective outcome measures were only available at follow-up and not for each patient, allowing no longitudinal analyses. Another shortcoming of the study is the retrospective patient selection, which differed with respect to the representativeness of the medically treated group, i.e., whereas all surgical patients were included, only 53% of the nonsurgical group could be recruited for evaluation. Another bias might arise from the significantly longer follow-up interval in the control group. Longitudinal results in nonsurgical patients with focal symptomatic epilepsies indicate rather stable performance over time, although a decline depending on the seizure situation seems possible. 1, 11, 21, 31, 47 In surgical patients with epilepsy, it has been observed that after an initial postsurgical decline, cognitive functions are stable, 2, 3 and in cases of seizure freedom, even tend to improve. 21 Another difference between the groups was the fact that surgery was not offered to the medical patients. This implies clinical differences between the 2 patient groups despite a comparable severity of bihippocampal damage, as revealed by T2 relaxometry. Furthermore, side of surgery in the operated group was not balanced and could not be considered due to low statistical power. Because most patients received resections in the left temporal lobe (8 of 11), results are possibly biased and thus might be different with a more balanced sample. Finally, it might be argued that in patients with bilateral AHS, a Wada test is mandatory to predict memory functions. However, Wada tests were not performed in this patient sample. In our clinic, this invasive procedure is usually only conducted if the epileptogenic lesion is located in or adjacent to an eloquent area. The utility of Wada tests to predict postoperative memory outcome appears limited. 12, 13 Besides selective Wada tests, the classic Wada test can also be confounded by a simultaneous effect on language functions. The decision for or against surgery in this patient group was mainly based on the laterality index of seizure onsets recorded by intracranial electrodes. 39 
Conclusions
This study demonstrates that patients with bilateral AHS should not be categorically excluded from surgery. Seizure control was achieved in 82% of the patients and there was no obvious case of global amnesia, as is observed after bilateral surgery. 43 Nevertheless, additional severe memory loss is very likely and the resulting postsurgical memory performance is at a very poor level. The practical impact of these impairments has to be evaluated in light of the individual life situation. However, we could find an improved quality of life in surgical patients and minor benefits concerning mood, subjective performance, and activities of daily living in comparison with nonsurgical patients. When counseling surgical candidates with bilateral AHS, the high probability of further postsurgical memory decline should be discussed, especially in cases of normal preoperative memory functions. Whereas in patients with unilateral AHS some memory functions might be sacrificed in the prospect to become seizure free, the situation in patients with bilateral AHS is different because of limited compensational resources. 28 The assumption that a restriction of resections to already damaged structures will not cause additional impairments cannot be generalized to this patient group. 23 Different from unilateral resections in patients with unilateral pathologies, a plausible explanation for this additional postsurgical memory decline is a decompensation of an existing preoperative maximally compensated and bilaterally disposed episodic memory system.
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